Abstract. Previous experimental studies of spontaneous imbibition on chalk core plugs have shown that seawater may change the wettability in the direction of more water-wet conditions in chalk reservoirs. One possible explanation for this wettability alteration is that various ions in the water phase (sulphate, calcium, magnesium, etc.) enter the formation water due to molecular diffusion. This creates a non-equilibrium state in the pore space that results in chemical reactions in the aqueous phase as well as possible water-rock interaction in terms of dissolution/precipitation of minerals and/or changes in surface charge. In turn, this paves the way for changes in the wetting state of the porous media in question. The purpose of this paper is to put together a novel mathematical model that allows for systematic investigations, relevant for laboratory experiments, of the interplay between (i) two-phase water-oil flow (pressure driven and/or capillary driven); (ii) aqueous chemistry and water-rock interaction; (iii) dynamic wettability alteration due to water-rock interaction.
Introduction.
Background information. Seawater has been injected into the naturally fractured Ekofisk chalk reservoir in the North Sea for nearly 20 years with great success. Many laboratory studies of spontaneous imbibition tests with chalk cores indicate that seawater has the potential to improve oil recovery. This has motivated for a number of experimental studies where the oil recovery for different core plugs is studied as a function of brine composition and temperature [37, 39, 38, 4, 5, 46, 40, 47] . In particular, it has been observed that the ions Mg 2+ , SO 2− 4 , and Ca 2+ seem to play an important role. By varying the concentration of these ions (one at a time) in seawater like brines, different oil recovery curves are produced. In order to illustrate this, we briefly review some highly interesting experimental spontaneous imbibition results reported in [46, 47] . In Fig. 1 oil recovery curves for some imbibition experiments with chalk core plugs are shown. In the left figure results for brines with varying concentrations of SO 2− 4 are shown. In particular, for a fixed temperature of T = 130
• C it is observed that increasing the amount of SO 2− 4 ions gives a higher oil recovery level. Similar observations can be made from the right figure. One observation is that increasing the temperature for a given brine tends to increase the oil recovery. Another is that for a temperature at T = 100
• C, adding Mg 2+ ions to the imbibing brine leads to a strong increase in the oil recovery. When temperature is T = 130
• C, this increase in oil recovery is amplified. This characteristic behavior also seems to depend on the amount of SO 2− 4 ions that are present. In view of these experimental observations the purpose of this paper is to deal with the following questions:
• Firstly, how to explain that different (steady state) oil recovery levels are reached depending on the chosen brine composition? What is the fundamental mechanism behind this behavior? • Secondly, how to explain that increase of respectively, SO
2− 4 ions and Mg

2+
ions in the imbibing brine, give higher oil recovery levels?
Main idea. More precisely, the objective of this work is to bring forth a mathematical model that can allow for systematic and quantitative studies of the relation between brine composition and produced oil as observed in a lab scale setting. This will be achieved by combining two different modeling components:
(i) Modeling of water-rock interaction in the context of geo-chemistry.
(ii) Modeling of two-phase water-oil transport effects by means of relative permeability and capillary pressure curves.
Highly sophisticated models have been developed for description of water-rock interaction governed by various transport effects (convective transport, molecular diffusion, mechanical dispersion, etc), see for example [25, 36, 29, 31] and references therein for a nice overview of this very active research field. However, this research is typically in the context of water-ion-mineral systems (single-phase systems).
On the other hand, petroleum research has been a driving force behind development of modeling of two-phase water-oil transport (more generally, multiphase flow in porous media) [15] . Modeling and experimental activity have walked hand in hand for decades. See for instance [35, 18, 34] for some interesting and recent examples where modeling and experimental activity are both included in the study of spontaneous imbibition processes on lab scale. However, the coupling between (i) and (ii) seems to be more rare. It is our belief that we have to carefully design , and so on. Change of temperature is also involved. Figures have been reproduced, respectively, from the work [46] (left figure) and [47] (right figure) by the accuracy of an eye and must be considered as approximate. models that combine (i) and (ii) in an appropriate manner in order to obtain models that can explain the relation between oil recovery curves and brine composition, as reflected by Fig. 1 .
At this stage, as far as the core scale model is concerned, various simplifications will be done in order to not arrive at an overly complicated model with many different parameters that can be tuned. However, the hope is that yet the model will be sophisticated enough to suggest nontrivial mechanisms that possibly play a role in the relatively complicated physico-chemical system we are dealing with. In particular, a mathematical model that integrates (i) and (ii) can represent a helpful tool for improved understanding of the experimental results. The main idea we have implemented is formulation of a mathematical model that includes:
• two phase water-oil displacement (pressure driven and/or capillary driven);
• aqueous chemistry and water-rock interaction;
• dynamic wettability alteration, in terms of changes in relative permeability and capillary pressure curves, that is linked to the water-rock interaction. In view of calculations based on thermodynamic equilibrium chemistry [21, 22] where a linear correlation between oil recovery and dissolution of calcite is obtained, a natural choice is to link wettability alteration to dissolution of calcite. This line will be pursued in this work. However, it should be noted that the framework we work within is general enough to explore different possible relations between waterrock interaction (dissolution/precipitation and/or surface chemistry) and changes in the flow functions (relative permeability and capillary pressure).
A key point in the present work is to link the water-rock chemistry to changes in the wetting state. In particular, we do no attempt to include details of the oil chemistry. Oil chemistry is implicitly taken care of in a more rough sense by the use of an interpolation function that gradually changes the saturation dependent flow functions according to changes in the mineral composition, see Remark 2 for further motivation.
Previous works. In fact, the model developed in this work represents a proper combination of two models that previously have been proposed, respectively for the study of dynamic wettability alteration [44, 45] and chalk weakening effects due to water-rock interaction [16] . A 1D model for simulation of dynamic wettability alteration in spontaneous imbibition was developed in [44] . See also [43, 23] for similar type of models in the context of low salinity waterflooding on reservoir scale. The model in [44] represents a core plug on laboratory scale where a general wettability alteration (WA) agent is added. The term WA agent is used to represent a single ion or group of ions. In particular, we truncate all the complicated chemical interactions into a single adsorption function. Relative permeability and capillary pressure curves are constructed by employing an interpolation between two sets of generic curves corresponding to oil-wet (mixed wet) and water-wet conditions. Gradually, as the adsorption of the WA agent takes place, there is a shift towards more water-wetness resulting in a corresponding higher oil recovery. The form of the model is as follows (dimensionless form):
where s is water saturation, c concentration of WA agent, f is fractional flow function, λ o is oil mobility, P c capillary pressure, D(s) molecular diffusion coefficient, a(c) adsorption isotherm, whereas ε and δ are dimensionless characteristic numbers. Models of the form (1) have been studied extensively before in connection with for example polymer and surfactant flooding. A nice overview of this activity is given in the book [8] which also includes a comprehensive reference list. A special feature of the model is that the adsorption process, described by a standard adsorption isotherm (see [44] ), makes the rock saturated by the WA agent after some time if there is a steady transport of this agent into the core. This in turn implies that the same wettability change will take place throughout the whole core independent of the specific ion concentrations of the brine that is used. It is only a question about how long time this wettability changing process will take. In other words, after an initial transient period, the oil recovery curves will reach the same steady state level. Consequently, such a model cannot be used to explain the experimental results shown in Fig. 1 where different brine compositions give different levels of oil recovery. This observation suggests that a more detailed description of relevant water-rock chemistry should be taken into account.
On the other hand, in [16] a water-rock system was studied for the purpose of describing some recent experimental results where chalk cores were flooded with different brines. A main purpose was to investigate changes in ion concentrations measured at the outlet when cores were flooded with seawater like brines at a temperature T = 130
• C. It was observed that the proposed model, which accounted for combined flow and chemical reactions, could reproduce main trends of the measured ion concentrations at the outlet. A special feature of the model is that different brines give different long-time steady-state type of solutions. A main idea of the present work is to link wettability alteration to this brine-dependent steady-state behavior.
Thus, in the current work we adopt this model for the oil-water-ion-mineral system in question. Compared to [16] , we have to take into account the water-oil transport mechanisms in an appropriate manner as well as provide a link between the flow functions required for the water-oil transport (relative permeability and capillary pressure) and the water-rock interaction. For that purpose we rely on an approach similar to that used in [44, 43, 23] but where the role played by adsorption of the WA agent now is replaced by dissolution of calcite. This is done by introducing a wettability index H(ρ c ) (lying between 0 and 1) that senses where the dissolution of calcite takes place.
Results. The main contribution of the paper is:
• Formulation of the model that incorporates the essential components required for systematic investigations of the combined effect of two-phase transport mechanisms and water-rock interaction.
• Provide a first evaluation of the model. The 1D model we run is not directly comparable with the setting of most of the experimental results which involve flow in 2D or 3D geometries. However, we are interested in generic features like oil recovery curves as a function of brine composition and/or temperature.
The numerical investigations demonstrate that different oil recovery levels are produced depending on the brine composition. More precisely, for a fixed set of parameters (flow and chemical reaction related parameters) the model predicts increasing oil recovery levels for higher concentration of SO 2− 4 ions, similarly to the results reflected by Fig. 1 (left) . Moreover, the strong enhanced oil recovery effect obtained by increasing the concentration of Mg 2+ is also captured by the model, see Fig. 1  (right) . The model also naturally reflects that temperature plays a crucial role for the resulting oil recovery curve. Consequently, we may conclude that the proposed model demonstrates that the relation between oil recovery curves and brine composition possibly can be understood as a result of the combined effect of transport (molecular diffusion), water-rock interaction in terms of dissolution/precipitation of minerals, and a corresponding wettability alteration due to dissolution of calcite.
The structure of this paper is as follows: In Section 2 we first give a brief overview of the essential ingredients of the model. In Section 3 we describe the equations relevant for the aqueous equilibrium chemistry, as well as non-equilibrium waterrock chemistry (dissolution/precipitation). In Section 4 we describe the saturation dependent flow functions, relative permeability and capillary pressure, typically used for modeling of two-phase transport effects. In particular, we describe an interpolation mechanism that relates dissolution of calcite to a change of the wetting state represented by the relative permeability and capillary pressure functions. The full model where convective and diffusive transport effects are included, together with the water-rock interaction, is described in Section 5. In Section 6 we sketch the numerical approach employed for solving the resulting model (8) and (9) , based on an operator splitting approach. Finally, in Section 7 we provide a first evaluation of the model by computing solutions for cases where we change the concentration, respectively, of SO 2− 4 , Mg 2+ , and temperature for a seawater like brine. 2. The model. In this section we briefly define the oil-water-ion-mineral system we shall work with relevant for spontaneous imbibition lab experiments for chalk core plugs. The details of the derivation of the model are given in Section 3-5. We closely build upon the model that was developed in [16] for the study of a water-ionrock system. However, compared to that work we now have to consider an extended model where also the oil phase is included. For the modeling of two-phase water-oil transport we follow the approach described in [44] , see also references therein.
Let Ω be the domain of calcite CaCO 3 and define the molar concentrations of the different species in the units of mol/liter:
The domain Ω itself may depend on time, due to the undergoing chemical reactions which affect its surface. Currently, we neglect this dependence. Since we are including the bulk volume (matrix volume + pore volume) in the definition of the above densities, we will call them total concentrations. Later we shall define porous concentrations when dealing with porosity φ and volume fraction s for the water phase.
The primary unknown concentrations are 
We shall take into account reaction kinetic relevant for these processes.
Aqueous chemistry (chemical reactions in the water phase). Chemical reactions in the water phase are assumed to be at equilibrium. More precisely, in addition to (2)- (4), we will also make use of the following chemical reactions in order to determine concentrations of HCO in the water phase):
We do not include reaction kinetic associated with these chemical reactions but assume that they are at equilibrium. In other words, it is implicitly assumed that they take place at a much faster time scale than the dissolution/precipitation processes (2)-(4). As mentioned, we shall also include a charge balance equation.
Model for combined water-oil flow and water-rock interaction. The core plug under consideration is initially filled with formation water which is in equilibrium with the minerals inside the pore space. Moreover, initially, the wetting state is assumed to be such that no water will imbibe into the core when it is placed in water. However, when a brine with ion concentrations different from the formation water is used, there will be a transport of various ions into the core due to molecular diffusion. This creates concentration fronts that move with a certain speed. At these fronts, as well as behind them, chemical reactions will take place, both within the aqueous phase as well as on the rock surface. It is expected that the water-rock interaction then will lead to a change of the wetting state [37, 39, 38, 4, 5, 46, 40, 47] . The model that is formulated should be general enough to explore different hypothesis about possible links between water-rock interaction and changes in the wetting state. However, the main focus of this paper is to build into the model a mechanism that relates wettability alteration (towards a more water-wet state) to dissolution of calcite, see [22] for further motivation.
We follow along the line of previous studies, see for example [1, 2, 3, 9, 10, 44] and references therein, and formulate a one-dimensional model. More precisely, the model we shall deal with takes the following form:
Here γ and ε are dimensionless positive constants, sometimes referred to as, respectively, the gravity number and capillary number. All the details leading to this model are given in the subsequent sections. In the model (8), a characteristic time τ and length scale L = D m τ have been introduced. The unknown variables we solve for are water saturation s (dimensionless), and concentrations In addition, we must specify rate equationsṙ
Following [9, 10, 16] , and references therein, the reaction terms take the formṙ
where the functions F c , F g , and F m represent the kinetics of the precipitation and dissolution processes in question and k 
is a decomposition of F into its positive and negative parts, whereas sgn(x) + = 1 if x > 0, otherwise it is 0. F I < 0 represents precipitation, whereas F I > 0 represents dissolution. The above formulation takes into account that a mineral can be dissolved only as long as it exists, and is similar to what has been done in other works, see for example [9, 33] and references therein. C k represents porous concentrations and are related to the total concentrations by ρ k = φsC k , for k = ca, so, mg, na, cl.
3.
The model for water-rock interaction. In the following, we first give some more details concerning the equilibrium chemistry associated with the chemical reactions (5)-(7), the aqueous chemistry. Then we describe the relations that take into account kinetics associated with the precipitation/dissolution processes (2)-(4). In particular, we shall distinguish between concentration C and chemical activity a noting that they are related by
where γ is the activity coefficient. According to the Debuye-Hückel equation, see for example [25, 32] , the activity coefficient γ i is given by
where the index i refers to the different species involved in the system which is studied. Moreover, Z i refers to the ionic charges, A(T ) and B(T ) are temperature dependent given functions [20, 21] , similarly for the constants a 0 i , whereas I 0 refers to the ionic strength defined by
For the numerical calculations, we calculate I 0 based on the ion concentrations for the imbibing brine. Consequently, I 0 is assumed to be constant throughout the imbibition process. Since the temperature is kept constant, the activity coefficients are also taken to be constant, according to (11).
Aqueous chemistry.
In the subsequent discussion we assume that we know the concentrations C na and C cl . Based on this we shall discuss the various equations associated with the chemical reactions described by (5)- (7). We assume that the CO 2 partial pressure P CO 2 is known, from which the CO 2 concentration can be determined. More precisely, the local equilibrium associated with (5) gives the relation
for an appropriate choice of the equilibrium constant (solubility product) K and partial pressure P CO 2 . The chemical reaction equation (6) gives us
where C 2 is a known solubility constant. Moreover, the reaction equation (7) gives
where C w is known. The following aqueous charge balance equation is also assumed to hold for the various species contained in the water phase
where Z i refers to the ionic charge of species i. For the system in question, this results in the following balance equation:
Thus, the four equations (13)-(16) allow us to solve for C h , C hco , C co , and C oh . This relation can be written in the form
where
It's convenient to introduce the following notation:
We shall make use of the simplifying assumption that the concentration C co of CO
2− 3
is relatively low and can be neglected in the charge balance equation (18) . Clearly, (18) can then be written in the form
where we have used (15) . Combining (13) and (21) we get
which results in the second order equation
The relevant solution is then given by
Finally, C co and C oh can be determined from the equations (14) and (15) . In particular, we note that
, in view of (19).
3.2.
Rate equations for the water-rock interaction. The rate equations associated with the water-rock interaction, as described by the dissolution/precipitation processes (2)- (4), are obtained by following an approach similar to that in [9, 16] , see also references therein like [25] (chapter 1) and [36, 29] . The main point of this approach is the use of an empirical rate equation of the form
where R is the rate, k and n are empirical fitting terms and (1 − Ω) the degree of disequilibrium with the mineral in question. Ω is the ratio of the ion activity product (IAP) to the solubility product K for the solid in question, that is, Ω = IAP/K. If 0 < 1 − Ω the solution is undersaturated which may lead to dissolution; if 0 > 1 − Ω the solution is supersaturated which implies precipitation. Thus, the reaction termsṙ i , for i = c, g, m associated with (2)- (4), are given as follows where we have used n = 1 in (23):
Here a j represents chemical activity associated with species j. Moreover, we have supposed that the minerals exist as pure phases which implies that the ion activities of the minerals are one, see for example [9] . That is, we have set a c = a g = a m = 1 in (24)- (26) . Mixed phases can be accounted for but that is an unnecessary complication at the present stage. k It is convenient to introduce the notation
Then we get the following rate equations associated with the minerals represented by ρ c , ρ g , and ρ m :
Similarly, (24)- (26) give rise to the following set of rate equations associated with the aqueous species ρ ca , ρ so , and ρ mg involved in the precipitation/dissolution processes (2)- (4):
An important modification is to take into account the fact that mineral dissolution stops once the mineral has disappeared [9, 16] . To build this mechanism into the rate equations given by (24)- (26), we use (28) and change these equations in the following manner:
where sgn
Clearly, in view of (29), we see that for F I < 0 where I = c, g, m represents the mineral in question, the mineral precipitates; for F I = 0 chemical equilibrium exists and nothing happens; for F I > 0 the mineral dissolves, but only as long as the mineral exists, i.e., ρ I > 0.
are used [15] . They are given in the form (dimensionless functions)
where s wr and s or represent critical saturation values and N k and N k o are the Corey exponents that must be specified. In addition, k * and k * o are the end point relative permeability values that also must be given.
As a simple model for capillary pressure a piecewise linear function of the following form is used:
where C * and the points (s 1 , pc 1 ) and (s 2 , pc 2 ) are constants that must be specified. In a more realistic setting these would be based on experimental data and, typically, more than two points would be given. Furthermore, C * is a scaling constant (characteristic capillary pressure) that contains information about interfacial tension and contact angle effects. More precisely, P c (s) = C * J(s), where the dimensionless function J(s) is called the Leverett function and its multiplier C * takes the form [8, 35, 18 ]
where σ is interfacial tension, θ is contact angle, κ absolute permeability, φ porosity. In the following data required to obtain concrete relative permeability and capillary pressure curves are specified that can represent, respectively, oil-wet and water-wet conditions. Note that more precisely, spontaneous imbibition experiments have been carried out for preferential oil-wet chalk cores [46, 47] (also referred to as mixed wet conditions) but for simplicity we employ the word "oil-wet".
Oil-wet conditions. The following set of values for oil-wet conditions is used: 
Moreover, C * is associated with a reference capillary pressure value which we denote by P c,r A specific value for P c,r is given in Section 7. We refer to Fig. 2 for a plot of these curves (red line). For the numerical calculations in Section 7 we shall choose initial water saturation s init such that P ow c (s init ) ≈ 0, i.e. s init = 0.19. This implies that no spontaneous imbibition will take place when we start with a core plug that initially is described by P ow c given by (33) and (36) corresponding to an oil-wet state.
Water-wet conditions. The following set of values for water-wet conditions is used: (41) with r = 400. The choice of r determines how much calcite that must be dissolved to bring forth a certain change of the wetting state. Note that the function H(m) quickly falls off from 1. This means that the initial dissolution will create a larger wettability alteration. Further dissolution will have less impact on the change of the wetting state.
Different possible links between changes in the mineral composition and alteration of the wetting state is of course possible. The objective of this paper is to explore the hypothesis that dissolution of calcite is a governing force in this process, based on some previous calculations [21, 22] . The implementation of this mechanism in the model is the topic of the subsequent subsection.
4.2.
Dissolution of calcite as a mechanism for wettability alteration. Having an initial concentration ρ 0 of a mineral with concentration ρ, we define the
as a measure for the dissolved mineral. Moreover, we define
where r > 0 is a specified constant. In the numerical investigations we use r = 400.
The function H(ρ) then becomes a weighting function such that
How fast H(ρ) is approaching 0 as m(ρ) is increasing, depends on the choice of r. Now, the weighting function H(ρ) can be used to represent the wetting state in the core plug; H(ρ) = 1 corresponds to the initial oil-wet state, whereas H(ρ) ≈ 0 represents the water-wet state. By defining relative permeability and capillary pressure curves by means of the weighting function H(ρ) as described in the next subsection, the model can account for a dynamic change from an initial oil-wet state towards a water-wet state controlled by the degree of dissolution of calcite that takes place inside the core. 
Here the activity of H 2 O is equal to one and m X is the concentration of X. By combining equation (43) and (44), we get: 
4.3.
Modeling of transition from oil-wet to water-wet conditions. Improved oil recovery by invasion of seawater in a preferential oil-wet porous medium is ultimately due to changes in various flow parameters. The flow conditions before and after the wettability alteration can be described by capillary pressure curves, relative permeability curves, and residual saturations. In this work wettability alteration is incorporated in these flow parameters by defining capillary pressure P c (s, ρ c ) and relative permeability curves k(s, ρ c ), k o (s, ρ c ) through an interpolation between the oil-wet and water-wet curves given in (32)- (40) .
More precisely, motivated by the proposed hypothesis that transition from preferential oil-wet towards water-wet conditions depends on the dissolution of CaCO 3 , the following interpolation is proposed:
where H(ρ c ) is defined by (41) 
Thus, different concentrations of ρ c below its initial concentration ρ c,0 as measured by m(ρ c ), produce capillary pressure curves that lie between the two extremes P ow c
and P ww c .
5.
The coupled water-oil flow and chemical reaction model. In a more complete description we also want to take into account convective and diffusive forces associated with the brine as well as the oil phase. In order to include such effects we must consider the following equations for the total concentrations
(oil flowing through the pore space)
(water flowing through the pore space)
The first seven equations represent concentrations associated with the pore space, the last three equations are associated with the matrix. Here v o , v l and v g are, respectively, the oil, water and species "fluid" velocities. The subsequent derivation of the model closely follows the work [16] , however, we now have to account also for the oil phase. Let s o denote the oil saturation, i.e. the fraction of volume of the pore space φ that is occupied by the oil phase, and s the corresponding water saturation. The two saturations are related by the basic relation s o + s = 1. Furthermore, we define the porous concentration C o associated with the oil component as the concentration taken with respect to the volume of the pore space occupied by oil and represented by φs o . Hence, C o and ρ o are related by
Similarly, the porous concentrations of the various components in the water phase are defined as the concentration taken with respect to the volume of the pores occupied by water φs. Consequently, the porous concentrations C l , C na , C cl , C ca , C mg , and C so are related to the total concentrations by
Following Aregba-Driollet et al [1, 2, 3] , we argue that since oil, water, and the ions in water Na + , Cl − , Ca 2+ , Mg 2+ , and SO 2− 4 flow only through the pores of the calcite specimen, the "interstitial" velocity v o associated with the oil, v l associated with the water, and v g associated with the ions, have to be defined with respect to the concentrations inside the pores, and differ from the respective seepage velocities V o , V l and V g . The velocities are related by the Dupuit-Forchheimer relations, see [2] and references therein,
Consequently, the balance equations (48) can be written in the form
In order to close the system we must determine the seepage velocities V o , V l and V g . For that purpose we consider the concentration of the water phase (brine) C that occupies the pore space as a mixture of water C l and the various species Na + , Cl − , Ca 2+ , Mg 2+ , and SO
2−
4 represented by C g . In other words,
Then, we define the seepage velocity V associated with C by
Now we are in a position to rewrite the model in terms of V and the diffusive velocity U g given by
S. EVJE AND A. HIORTH
Then the model (51) takes the form
Furthermore, we can assume that the seepage velocity V associated with the water phase represented by C, is given by Darcy's law [2, 6, 30 ]
where κ is permeability and µ is viscosity, and p pressure in water phase. Similarly, for the oil phase
The diffusive velocity U g is expressed by Fick's law by
where D m is the effective molecular diffusion coefficient, α is the dispersion length (longitudinal and transversal dispersion lengths are here taken to be equal), and I is the identity tensor. In view of (52) and (58), it follows that
Note that we assume that the diffusion coefficient D is the same for all species α = na, cl, ca, so, mg. This is a reasonable assumption as long as the concentration is not too high, see e.g. [9] . Moreover, we shall apply the following simplified molecular diffusion coefficient (based on Archie's law)
where the mechanical dispersion term is neglected since we focus on spontaneous imbibition. The coefficient p is referred to as the cementation exponent, q as the saturation exponent. The cementation exponent is often close to 2 whereas the saturation exponent is also often fixed at a value in the same range, see for example [11, 14, 7] . For the simulations we have used p = q = 1.9. Using (58) and (60) in (55) yields
In particular, summing the equations corresponding to C na , C cl , C ca , C so , and C mg , we obtain an equation for C g in the form
In a similar manner, using (53), (54), and (52)) in the second equation of (61), the following equation is obtained
Summing (63) and (62), we get the following equation for the concentration of the water phase with its different chemical components, represented by C = C g + C l ,
To sum up, we have a model in the form
where D = D(φ, s) as given by (60).
Simplifying assumptions. Before we proceed some simplifying assumptions are made:
• The oil and water component densities C o and C are assumed to be constant, i.e., incompressible fluids; • The effect from the chemical reactions in the water phase equation (second equation of (65)) is neglected which is reasonable since the concentration of the water phase C is much larger than the concentrations of the ion exchange involved in the chemical reactions, this is consistent with [16] . See [2, 3] for an air-rock system where this effect is not neglected; • Constant porosity φ, absolute permeability κ, viscosities µ, µ o ; • One dimensional flow in a vertical domain.
This results in the following simplified model where h is used to represent the spatial coordinate:
In view of (56) and (57) in a vertical 1D domain, we get
Here g is the gravity constant g = 9.81. Moreover, capillary pressure P c (s, ρ c ) is defined as the difference between oil and water pressure
where P c is a known function. Total velocity v T is given by
where total mobility λ
has been introduced. Summing the two first equations of (66) and using that 1 = s + s o , implies that (v T ) h = 0, i.e., v T =constant and is determined, for example, from the boundary conditions. From (70) it follows that
which can be used to obtain p o once s and ρ c are known. From the continuity equation for s given by the second equation of (66) it follows (
where, in view of (70),
Thus,
The fractional flow function f (s, ρ c ) and f o (s, ρ c ) are defined as follows
Using this in (74) implies that 
The same procedure can be applied for the continuity equation for the different ions in water in (66). This gives the following equation for i = na, cl, ca, so, mg:
Thus, in view of (78) and (79), a model has been obtained of the form
Counter-current flow. In the following we shall assume that the two-phase flow takes place as counter-current flow, i.e., the total velocity v T is zero inside the core, v T = 0. This assumption is reasonable in light of the fact that the experiments we want to simulate involve spontaneous imbibition in a 1D domain where the main driving force is capillary diffusion. Implicitly, it is assumed that when water imbibes the advancing water displaces from the pore space an equal volume of oil, which flows back to the surface of the block and escapes through the inlet. Thus, capillarity causes equal and opposite flows of the fluids, and this process is referred to as counter-current imbibition. In that respect our model bears similarities to the two-phase model studied by Silin and Patzek [35] where focus is on countercurrent imbibition when the relaxation time is allowed to be saturation dependent. See also [18, 34] for similar studies. Note however, that in a higher dimensional setting the assumption that V T = 0 may not be true [35] .
Scaled version of the model. First, we introduce the variables
Let τ (sec) be the time scale of the problem. Then, an appropriate space scale could be given by the diffusive typical length L (m)
where D m (m 2 /s) is a reference diffusion coefficient. We then define dimensionless space h and time t variables as follows
We introduce reference viscosity µ (Pa s) and capillary pressure P c = C * (Pa). Then we define dimensionless coefficients
Rewriting (80) in terms of the dimensionless space and time variables (84) and using (85), the following form of the system is obtained (skipping the prime notation)
with
and where the dimensionless characteristic numbers γ and ε, sometimes referred to as, respectively, the gravity number and the capillary number, are given by
We choose D m = D m in (85) such that D m = 1 and δ = 1.
5.1. Boundary and initial conditions. In order to have a well defined system to solve we must specify appropriate initial and boundary conditions.
Boundary conditions. Both ends of the core are exposed to a brine with specified concentrations of the various species, hence, it is natural to use the Dirichlet condition
for the species i = na, cl, ca, so, mg where C * i is the specified ion concentrations of the brine that is used. In addition, we also have the boundary condition that capillary pressure is zero outside the core, i.e.
J(t)| h=0
which implies that the capillary diffusion term causes imbibition of the brine into the core plug only if J(s, u)| h=0 + > 0 and/or J(s, u)| h=1 − > 0. Concerning the equations (87) for the concentrations C i , it is assumed that molecular diffusion is the only force that makes the species enter at the top and bottom surface. In other words, we use the condition that
Initial data. Initially, the plug is filled with oil and 19.1% formation water and it is placed in the given brine. Thus, initial data are given by
and for i = na, cl, ca, so, mg,
for given initial concentration of the species C i,0 in the water phase and given initial mineral concentrations u 0 , v 0 , and w 0 .
6. Discrete approximations.
Numerical discretization. Let us introduce U = (u, v, w) T and C = (φs, b, c, x, y, z)
T . We assume that we have approximate solutions (U n (·),
. Now, we want to calculate an approximation at the next time level
) by using a two-step operator splitting approach [26, 17] .
S. EVJE AND A. HIORTH
Step 1: Chemical reactions. Let S t be the operator associated with the solution of the following system of ODEs:
Here F I is given by (28) . Note also that F I depends on C na and C cl , however, these appear as constants in the ODE system (95) and are therefore not explicitly expressed. Thus, we solve a model of the following form
Note that this system corresponds to solving
where ions.
From this we obtain intermediate approximations (
The stiff ODE system given by (97)and (98) is in this work solved by using the Matlab function ode23 [16] .
Step 2: Convection and Diffusion. Let D t be the operator associated with the solution of the following system of parabolic PDEs:
That is, the model we solve for t ∈ (0, ∆t] is in the form
for suitable choices of F, D, and A. From this we find (
For the numerical method that is used to solve this system we refer to the previous works [16, 44] . [17, 41] is used: Table 3 . Activity coefficients for the different brines.
Remark 3. The following Strang splitting
7. Numerical investigations. In the following we shall study the behavior predicted by the model for spontaneous imbibition with a series of different brines. We do not perform a comparison against specific experimental data. This would require that the experimental setup and the model was more consistent. Most experiments have been carried out in a setting that would require modeling in a 3D geometry. In addition, we don't have access to the relative permeability and capillary pressure curves relevant for such experiments as those reported in [46, 47] . However, much can be learnt by exploring the generic behavior of the model proposed in this work. Of particular interest, as stated in the introduction, is to gain a more accurate understanding of the oil recovery curve considered as a function of the brine composition. More precisely, the following different cases are explored.
• The effect on the oil recovery for increasing concentrations of SO 2− 4 at a fixed temperature of T = 130
• C (Section 7.3).
• The effect on the oil recovery for increasing concentrations of Mg 2+ at a fixed temperature of T = 130
• C (Section 7.4).
• The effect on the oil recovery when using seawater at different temperatures T = 25
• , and T = 130
• C (Section 7.5).
In addition to the oil recovery curves, we employ the model to bring forth visualizations of the water-rock interplay taking place inside the core which generates changes in ion and mineral concentrations, alterations of the wetting state, and a corresponding liberation of oil.
7.1. Various data needed for the simulation of laboratory core plug experiments. Different input parameters must be specified for the model, both related to the flow and the chemical reactions. However, we emphasize that we will use a fixed set of parameters for all simulations unless anything else is clearly stated. The only change from one simulation to another is the brine composition.
Activity coefficients. Along the line of the previous work [16] the following values, taken from [12, 21] , are used for the constants a (24)- (27) , K refer to (13), C 2 refer to (14) , and C w to (15) . In order to calculate C 1 in (13), we have used the given K value from the above table and the CO 2 partial pressure P CO 2 constant is set to P CO 2 = 10 −3.5 , see also [28] . All these constants have been taken from the EQAlt-simulator [12, 21, 22] .
Core properties. The following core properties are assumed for the model example studied below.
• In view of the fact that the molecular weight of CaCO 3 is 100g/mol, it follows that the solid part of the core corresponds to 1 mol CaCO 3 . Consequently, the molar density is ρ c = 1/V c mol/liter ≈ 13 mol/liter.
Oil and brine properties. Other quantities.
• In addition, for all simulations we have used the choice p = q = 1.9 in the expression for molecular diffusion given by (60). Oil recovery is defined as
where s init (x) is initial water saturation in the core. The reaction rate constants are set as follows: . Note also that one and the same brine can give dissolution at some places and precipitation at others.
i.e., we set γ = 0 in (86)-(88). This is due to the fact that our main objective is to understand the relation between water-rock interaction and liberation of oil due to wettability alteration with capillarity as the driving force.
The starting point for the simulation cases is that the core is (preferential) oilwet at initial time and characterized by oil-wet relative permeability and capillary pressure curves, as described in Remark 1. The initial water saturation is set to be s init (x) = 0.191. This corresponds to the point where oil-wet capillary pressure is zero. As a consequence, no water will imbibe into the core, hence, no oil will be produced. However, molecular diffusion will drive ions from the surrounding brine into the core. This creates concentrations fronts that move towards the center of the core bringing forth a non-equilibrium state for the water-rock system in question. This will trigger dissolution/precipitation, and the places in the core which experience dissolution of calcite will be altered towards a more water-wet surface. Consequently, capillary pressure becomes positive at these regions and water will be imbibed and oil produced to bring the system towards a new equilibrium with respect to capillary forces.
We assume that the chalk core is mainly composed of CaCO 3 (calcite). Hence, the following total concentrations (mol/liter) are given initially for the minerals:
The core is assumed to be filled with formation water (Ekofisk formation water) as given by Table 1 . We use the ion concentrations of the imbibing brine to calculate the ionic strength I 0 given by (12) . This in turn allows us to calculate the various activity coefficients from (11) by using (102) and (103). We refer to Table 3 for details.
7.3. The role of SO 2− 4 . We have run three cases corresponding to the brines SW, SW-0xSo, and SW-4xSo as described in Table 1 . These concentrations are similar to those used in [46] for experimental investigations. The main purpose is to study the effect on the oil recovery when the concentration of SO 2− 4 ions is increased. Oil recovery and behavior for water saturation s. The oil recovery curves corresponding to the three different brines are shown in Fig. 4 whereas the corresponding water front behavior for the three cases are shown in Fig. 5 . Main observations are:
• Clearly, the concentration of SO
2− 4
has a strong impact on the oil recovery. In particular, the brine with no sulphate gives an oil recovery level that is much lower than for the brine with 4 times seawater content of SO 2− 4 ions. The difference between the oil recovery curves seems to remain constant after some time, at least for the two extremes corresponding to SW-0xSo and SW4xSo, similar to the experimental curves in Fig. 1 (left figure) .
• The profiles for the water saturation s for different times shown in Fig. 5 explain the oil recovery curves in Fig. 4 . When no sulphate is present, the imbibing water front will gradually move slower and slower as time is running (left figure) . The wettability alteration is not allowed to spread throughout the core but is limited to the end regions. However, when sulphate is present, there is a wettability alteration taking place more or less throughout the whole core with a corresponding liberation of oil (see middle and right figure).
Changes in mineral composition. Figs. 6-8 reflect the changes in the mineral concentrations for CaCO 3 (calcite), CaSO 4 (anhydrite), and MgCO 3 (magnesite) during the period of 15 days.
• At first sight, the upper row of figures in Fig. 6 , seems to reflect that the degree of dissolution of calcite is very much the same for all three brines. The driving force behind this dissolution is the presence of Mg 2+ ions that trigger precipitation of magnesite, see Fig. 8 . However, the bottom row of figures in Fig. 6 , showing the zoomed in dissolution/precipitation of calcite inside the core, reveals the intricate role played by SO 2− 4 : It determines how far into the core the dissolution can go and thereby, by the construction of the weighting function H as described in Section 4.2 and 4.3, it also determines how far into the core the wettability alteration will go. • Fig. 7 shows that precipitation of anhydrite CaSO 4 is a driving force for dissolution of calcite CaCO 3 in the center of the core. On the other hand, the strong precipitation of magnesite MgCO 3 close to the outlets where the core is in direct contact with the imbibing brine, see Fig. 8 , is responsible for the dissolution of calcite at the ends of the core.
To sum up: The calculated solutions for the minerals clearly show how the concentration of SO 2− 4 ions in the imbibing brine can play a role as a catalyst for the spreading of wettability alteration further into the core when it is linked to calcite dissolution.
Ion concentration profiles. Figs. 9-11 show the concentration profiles for Ca 2+ , SO 2− 4 , and Mg 2+ at different times throughout the time period of 15 days. In particular, it is observed that steady state profiles are reached after some time. These steady state profiles depend on the brine composition. In other words, each brine has a set of steady state profiles, respectively, for Ca 2+ , SO 2− 4 , and Mg 2+ . The corresponding set of mineral concentrations, see Fig. 6-8 , reflect changes in the mineral composition. As described in Section 4, changes in the calcite mineral on the surface rock is applied as a measure for the wettability alteration that takes place, and explains why different levels of oil recovery are reached. See the figure text for more comments on the resulting ion concentration profiles.
The role of Mg
2+ . We have run three cases corresponding to the brines SW0xMg, SW, and SW-4xMg as described in Table 2 . The main purpose is to study the effect on the oil recovery when the concentration of Mg 2+ ions is increased. The results are shown in Fig. 12-19 .
Oil recovery and behavior for water saturation s. The oil recovery curves corresponding to the three different brines are shown in Fig. 12 and corresponding behavior for the imbibition of water is shown in Fig. 13 . Main observations are: • The presence of Mg 2+ ions in the imbibing brine is essential for the resulting oil recovery curve. When the brine contains no Mg 2+ ions the water front gradually stops, practically speaking, indicating that the wettability alteration is limited to the ends of the core. This is confirmed by the results of Fig. 14 which illustrate where the dissolution of calcite takes place inside the core.
• A higher concentration of Mg 2+ in the brine will result in a higher oil recovery, which coincides with the experimental behavior reflected by Fig. 1 (right) .
Changes in mineral composition.
• As shown in Fig. 14 brine (left figure) there is a small dissolution of calcite due to precipitation of anhydrite, see Fig. 15 (left), however it is restricted to the end regions of the core. As the concentration of Mg 2+ increases the precipitation of magnesite, see Fig. 16 (middle and right figure) , will take place deeper into the core and generate a corresponding dissolution of calcite.
• In turn this generates a wettability alteration, not only close to the outlets, but also deeper into the core that is responsible for the increased liberation of oil.
To sum up: The calculated solutions for the minerals clearly demonstrate how the concentration of Mg 2+ ions in the imbibing brine can act as a driving force for changing the wetting state towards water-wetness deeper into the core, and thereby increasing the oil recovery.
Ion concentration profiles. As for the previous example we observe that steady state ion concentration profiles for Ca 2+ , SO time. These steady state profiles depend directly on the brine composition. For more details, see Fig. 17-19 and corresponding figure text. 7.5. The role of temperature on seawater as the imbibing brine. In the final example we consider seawater as the imbibing brine. More precisely, we calculate solutions for three different temperatures, T = 25, T = 70, T = 130
• C. In the model we only change the solubility products according to the table given in Section 7.1. This is clearly a simplification of reality (molecular diffusion, reaction rate constants, etc. depend on temperature), however, it is of interest to see the impact on the produced oil recovery curves. These curves are shown in Fig. 20 and clearly reflect that the model will give different oil recovery levels depending on the temperature when wettability alteration is linked to water-rock interaction in terms of dissolution of calcite. In particular, in accordance with the experimental result shown in Fig. 1 (right) higher temperature gives higher oil recovery. 7.6. A concluding remark. The proposed model suggests that different brines give different steady-state type of solutions for the involved water-rock system. These long time solutions consist of steady state ion concentration distributions along the core together with corresponding dissolution/precipitations fronts. By letting the wettability alteration be related to these long time solutions, more precisely, the dissolution of calcite, the model naturally produce oil recovery curves as a function of brine composition that fits well with trends observed from imbibition experiments carried out in a lab setting. • C. The impact of temperature on the oil recovery when seawater is used as the imbibing brine.
